1. The maternal care and nest homing of female Taiwanese tree frogs (Chirixalus eiffingeri) seeking to feed their tadpoles were studied through a series of manipulative experiments at the Experimental Forest of National Taiwan University at Chitou from 2001 to 2003. 2. Replacing a female's tadpoles with non-kin tadpoles, and replacing her bamboo stump with one of similar external morphology or of a different height did not affect the homing of female frogs. Displacing bamboo stumps by 1 m did not significantly affect female homing, but displacing bamboo stumps by 3 m did, suggesting bamboo stump location is critical to homing by female frogs. 3. When tadpoles were placed in a stump adjacent to a tadpole-occupied stump, the former tadpoles were not fed but the latter were fed. 4. Overall, results indicate that the location of stumps is the most critical cues to the nest homing of C. eiffingeri females. We propose that female rely on the spatial distribution of the nest stump relative to other bamboo stumps for nest homing to feed their offspring.
Introduction
Previous studies have repeatedly demonstrated that amphibians, like other vertebrates, have homing abilities (Jameson, 1957; Brattstrom, 1962; Twitty et al., 1964; Madison, 1969; McVey et al., 1981; Crump, 1986; Sinsch, 1991 Sinsch, , 1992 . Homing to water bodies is critical for breeding, rehydration, and foraging (Carpenter & Gillingham, 1987; Gonser & Woolbright, 1995; Cohen & Alford, 1996) . The ability to home is particularly important for species of frogs in which females provision their offspring with trophic eggs. To date, at least 10 species of frogs in three families are known to feed their larvae with fertilized or unfertilized eggs (Weygoldt, 1980 (Weygoldt, , 1987 Ueda, 1986; Lannoo et al., 1987; Caldwell, 1997) . All these species breed in phytotelmata, unique aquatic microhabitats in leaf axils, flowers, tree holes, bamboo stumps, and nut capsules (Duellman & Trueb, 1986; Lannoo et al., 1987; Summers, 1990; Caldwell, 1993; Kam et al., 1996) . Laboratory and field studies have found that egg provisioning may be biparental or uniparental. Biparental care is provided when the female lays eggs to feed the tadpoles when a male frog is present (Thompson, 1996; Caldwell & deOliveira, 1999; Jungfer & Weygoldt, 1999) . In uniparental care, the female frog lays unfertilized eggs to feed the tadpoles in the absence of male frogs (Brust, 1993; Kam et al., 1996) . In neither case do female frogs remain at the nest. Instead, they return to feed the tadpoles every 4 to 8 days (Brust, 1993; Jungfer, 1996; Thompson, 1996; Caldwell & de Oliveira, 1999; Jungfer & Weygoldt, 1999; Kam et al., 2000) .
The ability of female or male frogs to home precisely to their nest during each visit is critical for the survival of obligatorily oophagous tadpoles and helps the female frog avoid feeding genetically unrelated tadpoles. Investment in unrelated young usually will decrease the ability of an animal to produce its own offspring, reducing its fitness (Blaustein et al., 1987; Waldman, 1991; Krebs & Davies, 1993) . Remarkably, the homing mechanism of female frogs is largely unstudied. Adult Dendrobates pumilio are able to return to their home areas following experimental displacements (McVey et al., 1981) , probably using, in part, airborne olfactory cues of plants (Forester & Wisnieski, 1991) . Describing the nest searching behaviour of D. pumilio, Brust (1990) noted that female frogs sometimes explore the axil containing their young and other plant axils before or after feeding their tadpoles. Furthermore, between provisioning events females occasionally investigate axils without depositing eggs. Kam et al. (2000) placed tadpoles of Chirixalus eiffingeri in unoccupied bamboo stumps and none of them were fed, suggesting females are able to orient themselves to the their nests and do not randomly feed tadpoles in other stumps.
In this study, we conducted a total of five manipulative field experiments by displacing nests to investigate the ecological aspects of maternal care and nest homing by females of Chirixalus eiffingeri, which provision their offspring with trophic eggs. In this study, specifically, we tested the following hypotheses.
Hypothesis 1: Female frogs use their genetic offspring as a cue for nest homing
Tadpoles contain unique features (e.g., odors; Waldman, 1991) that may be recognized by their genetic mothers, as in salamanders (Forester, 1986) . Kam et al. (2000) experimentally replaced tadpoles in bamboo stumps by tadpoles from paired bamboo stumps and found that female frogs still fed the replaced tadpoles. However, the water of the paired stumps was mixed and poured one half back into each stump, thus, it is possible that the chemical cues of genetic offspring in water may act as a cue for nest homing of female frogs. If genetic offspring acts as a cue for nest homing of female frog, we would expect that the removal of genetic offspring and water content in stumps and replacement of genetically-unrelated tadpoles would result in no tadpole feeding by female frogs.
Hypothesis 2: Female frogs use the bamboo stumps as a cue for nest homing
Bamboo stumps contain certain unique features (e.g., odors or bark texture) that may be recognized by females. If bamboo stumps are replaced by others collected elsewhere with similar external features, we would expect female frogs to be unable to find their nests, and tadpoles would not be fed.
Hypothesis 3: Female frogs use the external morphology (i.e., height) of the bamboo stump as a cue for nest homing
Every stump is different in height, size, and shape that may be recognized by females and used as cues for nest homing. If bamboo stumps are shortened, we would expect female frogs to be unable to find their nests, and tadpoles would not be fed.
Hypothesis 4: Female frogs use the location of a bamboo stump as a cue for nest homing
Female frogs might have spatial knowledge about the location of her brood, or the bamboo stump in which it is located. If bamboo stumps are displaced, we would expect female frogs to be unable to find their nests and tadpoles would not be fed.
Hypothesis 5: Adding tadpoles in a bamboo stump adjacent to a tadpole-occupied stump does not affect the nest homing of female frogs If hypothesis 4 holds, then we would expect that female frogs can find their nests even if we add tadpoles in a bamboo stump adjacent to a tadpoleoccupied stump. Oppositely, we would also expect that added tadpoles in unoccupied stump would not be fed.
General methods

Study site and animal
We conducted experiments in bamboo forests of the Experimental Forest of National Taiwan University at Chitou which was described elsewhere (Kam et al., 2000) . Briefly, Chitou has a distinct wet and dry season, and the annual mean air temperature is about 17
• C (12-22 • C). Phyllostachys edulis and Sinocalamus latiflorus are the most abundant plants at the study site (Kam et al., 1996) . The bamboo is cut periodically for commercial purposes, and the stumps collect rain water and become ideal nesting sites for C. eiffingeri (Kam et al., 1996) . Chirixalus eiffingeri breeds from February to August, and females lay fertilized eggs on the inner walls of bamboo stumps above the water surface (Kuramoto, 1973; Kam et al., 1998a) . Tadpoles are obligatorily oophagous and fed by females which return to nest to lay unfertilized eggs in respond to the 'egg-begging' behaviour of tadpoles.
Experimental protocol and ethical considerations
We set up five manipulative experiments (Experiments 1-5) to test the hypotheses 1-5, respectively. Due to limited number of available nests, we did Experiment 1-3, 4, and 5 in the breeding season of 2001, 2002, and 2003, respectively. In this study, we displaced bamboo stumps instead of female frogs to study the nest homing. Unlike earlier studies (Goin & Coleman, 1961; Dole, 1967; McVey et al., 1981; Crump, 1986 ), we did not displace female frogs or conduct direct observation on the homing of female frogs. This was because the nest homing of C. eiffingeri female frogs to feed their tadpoles takes place at night at an interval of 6-14 days (Kam et al., 2000; Kam & Yang, 2002) , and the feeding behaviour is sensitive to disturbance such as movement of researchers and flashlights (Kam, pers. obs.) . Thus, the handling of frogs, including capturing and displacing, would affect the nest homing behaviour. Instead of displacing female frogs, we displaced bamboo stumps (i.e., nest), which can be cut and displaced easily. The advantage of displacing bamboo stumps is that female frogs are undisturbed when bamboo stumps are displaced. For all experiments, we only used those tadpole-occupied stumps that were at least five m away from the nearest tadpole-occupied stumps. We did this because the average activity range of female frogs during the breeding season was about 12.9 m 2 ; if the range were circular, its radius would be about 2 m (K.-S. Chuang, unpubl. data). Thus, if the tadpoles in the stumps were fed during the experiments, they would most likely be fed by the same female frog.
We assessed the return of female C. eiffingeri to the nest by monitoring the feeding status (i.e., presence of trophic eggs in stomach) and growth of tadpoles weekly. Chirixalus eiffingeri tadpoles are obligatorily oophagous, and the growth, development, and survivorship of tadpoles are totally dependent upon trophic egg availability (Kam et al., 1996) . Thus, we assumed that the feeding status and growth of tadpoles are reasonable assessment of nest homing of females. We defined fed tadpoles as those with jelly capsules in their pool and/or eggs in their stomach. Unfed tadpoles did not have jelly capsules in their pool or eggs in their stomach. During each visit, we recorded whether or not the tadpoles had been fed by observing the presence of jelly capsules and/or egg yolk in tadpoles' stomach. For tadpoles whose TL was less than 20 mm, we recorded whether jelly capsules from trophic eggs were in each pool. Small tadpoles can only bite through the jelly capsule and suck out the yolk, leaving the jelly capsule in the pool (Ueda, 1986) . Therefore, jelly capsules were evidence that the tadpoles had been fed by female frogs. As tadpoles grow larger, they usually ingest the whole egg, including the capsule. Tadpoles greater than 20 mm in TL were examined to determine whether eggs were present in their distensible stomach, which has evolved as an egg storage organ (Chou & Lin, 1997) . The yellowish yolk is easy to see through the ventral surface with the naked eye (Liang et al., 2002) .
We only used tadpoles at about two weeks old (Gosner stage 26-28) for all experiments, and the growth of tadpoles were monitored weekly. To facilitate the examination and measurement of tadpoles, on our first visit we sawed a V-shaped cut in each bamboo stump and detached the portion of the stump containing the water and tadpoles. This allowed us to easily pour out the water and tadpoles. During each visit, we poured the tadpoles and water into a bucket and used a small net to carefully transfer the tadpoles to a petri dish. The tadpoles were counted, and then photographed with a ruler beneath the petri dish to determine their total length (TL, snout to tail tip). We maintained the water volume in each bamboo stump at about 250 ml (Kam et al., 1996) by adding rain water or removing excess water as needed. After data collection, the water and tadpoles were placed back in the detached portion of the stump, which was then placed in the V-shaped notch in the basal part of the stump. The detached portion fit snuggly in the notch and transparent tape was wrapped around the cut for additional support. Because female frogs feed their tadpoles at night (Kam et al., 2000) , we examined the bamboo stumps during the day to minimize disturbance of maternal feeding behaviour.
We conducted all experiments during a two-week period to minimize the stress of starvation on any tadpoles that were not fed during the experiments. In an earlier study, C. eiffingeri tadpoles fed once every 14 d grew more slowly than tadpoles fed more frequently, but did not have significantly lower survivorship or smaller size at metamorphosis (Liang et al., 2002) . Chirixalus eiffingeri tadpoles can tolerate prolonged periods without food because they store yolk in their distensible stomach. Between feedings, tadpoles mobilize stored yolk to provide a continuous supply of nutrition for growth and development (Liang et al., 2002) . While conducting the experiments, we adhered to the guidelines for the use of animals in research and the legal requirements of the National Science Council.
Statistics
Each stump was an experimental unit, and data were analyzed with SAS (SAS Institute Inc., 1996). We used the χ 2 test to determine whether the frequency of fed or unfed nests is independent of treatment. If the cell frequency was five to 10, we used Yate's correction for continuity. If it was below five, we used Fisher's exact probability test. Each treatment mean was calculated from the mean of the TL of all tadpoles (fed and unfed) in each bamboo stump. We did not adjust the final TL of tadpoles because initial TL of tadpoles between treatments in all experiments was statistically similar. We used Wilcoxon two-sample test to compare the total length (TL) of tadpoles in different treatments. Unless stated otherwise, we reported the mean ± SD of each variable.
Experiment 1: Effect of tadpole replacement on tadpole feeding and growth
Methods
We located 12 bamboo stumps in each of two bamboo forests which were separated by at least 500 m. Each of the 12 bamboo stumps in one forest was paired with a bamboo stump in the second forest. We removed all the water in each pair of bamboo stumps and replaced it with rain water. We randomly assigned one member of each pair of stumps to the control treatment and the other to the experimental treatment. At the start of the experiment, 10 tadpoles from the control treatment were left and 10 other tadpoles were transposed to the paired experimental stump. All other tadpoles from both control and experimental stump were removed.
Results
Tadpoles in nine bamboo stumps in the control and nine stumps in the experimental treatment were fed and increased in size. Tadpoles in the remaining three bamboo stumps in each treatment were not fed and did not grow. The number of stumps containing fed tadpoles was independent of treatment (Fisher's exact probability test, p = 1.0). Tadpoles grew at a similar rate, and the TL of tadpoles did not differ between treatments by week 2 (control: 25.00 ± 3.85, N = 12; experimental: 24.08 ± 2.89 mm, N = 12; Wilcoxon test, z = 0.491, N = 12, p = 0.624).
Experiment 2: Effect of bamboo stump replacement on tadpole feeding and growth
Methods
We located 18 bamboo stumps containing tadpoles and randomly assigned nine stumps each to the control and experimental treatment, respectively. Stumps in the control treatment were sham-treated. The stumps were cut at the base, reattached with two iron rods, and wrapped around with wire for additional support. For the experimental treatment, the bamboo stump was cut at the base and removed, then replaced with a new bamboo stump of similar size and shape. The replacement stumps were collected from other areas in the bamboo forests and did not contain tadpoles when cut. At the start of the experiment, we removed tadpoles from the control treatments and replaced them with 10 tadpoles collected from stumps that were at least 500 m away from other bamboo forest. We also put 10 tadpoles in the experimental treatments. We replaced water in all stumps with rain water.
Results
Tadpoles in six control stumps and five experimental stumps were fed and increased in size. The number of stumps with fed tadpoles was independent of treatment (Fisher's exact probability test, p = 1.0). Tadpoles grew at a similar rate, and the TL of tadpoles did not differ between treatments by week 2 (control: 26.12 ± 3.58; experimental: 27.06 ± 1.75 mm; Wilcoxon test, z = 0.529, N = 9, p = 0.298).
Experiment 3: Effect of reduced bamboo stump height on tadpole feeding and growth
Methods
We located 32 bamboo stumps containing tadpoles and randomly assigned 16 stumps to the control treatment and 16 stumps to the experimental treatment. For the control treatment, bamboo stumps were sham-treated. The middle section of each stump was cut, then reattached with transparent tape. For the experimental treatment, the middle section of each stump was cut, reducing stump height by about one-third. The top section was attached to the bottom section with tape. At the start of the experiment, we removed all the water and tadpoles from all the stumps. Then, rainwater and 10 tadpoles collected from a different location were placed in each stump.
Results
Tadpoles in 10 control and nine experimental bamboo stumps were fed and increased in size. The number of stumps that contained fed tadpoles was independent of treatment (Yate's correlation for continuity: χ 2 1 = 0.12, p = 0.72). Tadpoles grew at a similar rate, and the TL of tadpoles did not differ between treatments by week 2 (control: 24.61 ± 5.01, N = 16 experimental: 24.93 ± 2.89 mm, N = 12; Wilcoxon test, z = 0.320, N = 16, p = 0.748).
Experiment 4: Effect of bamboo stump displacement on tadpole feeding and growth
Methods
We located 42 bamboo stumps containing tadpoles and randomly assigned 14 stumps to the control treatment and 14 stumps to each of two experimental treatments. Bamboo stumps in the control treatment were shamtreated. The stumps were cut off at the base and reattached with iron rods and wire. Stumps in the experimental treatments were cut off at the base and displaced 1 m (the 1-m displacement treatment) or 3 m (the 3-m displacement treatment) in randomly selected directions from their original locations. We used iron rods and wire to secure displaced stumps. In a preliminary study, the average activity range of female frogs during the breeding season was about 12.9 m 2 . If the range were circular, its radius would be about 2 m (K.-S. Chuang, unpubl. data). Therefore, a stump displaced 1 m from its original location would still be within the female's activity range, but a stump displaced 3 m would lie outside the female frog's activity range. At the start of the experiment, we removed the tadpoles from all stumps and placed 10 tadpoles, collected from another locations, into the pool in each stump.
Results
Tadpoles in nine control, seven 1-m displacement and one 3-m displacement bamboo stumps were fed and increased in size. The number of stumps that contained fed tadpoles was not independent of treatments (χ 2 2 = 9.41, p = 0.009).
Comparing the control and 3-m displacement treatments, the number of stumps containing fed tadpoles was not independent of treatment (Fisher's exact probability test, p = 0.004). Tadpoles in the 3-m displacement treatment grew more slowly and, by week 2, their TL (21.84 ± 1.19 mm) was significantly less than that of control treatment tadpoles (27.04 ± 1.20 mm; Wilcoxon test: z = 2.82, N = 15, p = 0.005; Figure 1 ). In contrast, in the control and 1-m displacement treatments, the number of stumps containing fed tadpoles was independent of treatment (Yate's correlation for continuity: χ 2 1 = 0.14, p = 0.70). Although tadpoles in the 1-m displacement treatment grew more slowly than control tadpoles, the TL of tadpoles in these two treatments were not significantly different by week 2 (Wilcoxon test: z = 1.38, N = 15, p = 0.183; Figure 1 ).
Experiment 5: Effect of adding tadpoles in nearby bamboo stumps on tadpole feeding and growth
Methods
We selected eight bamboo stumps containing tadpoles and designated them the control treatment (CON stumps). In the experimental treatment, we selected eight bamboo stumps containing tadpoles (EXP stumps) that had an unoccupied stump (NT stumps) located within 1 m (Table 1) . Tadpoles in Table 1 . Experimental design and tadpole feeding in each treatment of Experiment 5. In the experimental treatment, 10 tadpoles were added to an unoccupied stumps (NT stumps) which was 1 m away from experimental stumps (EXP stumps). Each treatment consisted of 8 replicates.
Original site 1 m away from original site
Control
Control stumps treatment Tadpoles of five stumps No stump was present were fed Experimental EXP stumps NT stumps treatment Tadpoles of seven stumps No tadpoles were fed were fed each CON and EXP stump were removed and replaced by 10 tadpoles collected elsewhere. In addition, we placed 10 tadpoles in the pool in each NT stump.
Results
Tadpoles in five CON, seven EXP and none NT bamboo stumps were fed, and the fed tadpoles increased in size (Table 1) . Comparing only the CON and EXP treatments, the number of stumps in which tadpoles were fed was independent of treatment (Fisher's exact test: p = 0.57). Tadpoles in both treatments grew at similar rate and were not significantly different in TL by week 2 (Wilcoxon test: z = 0.073, N = 8, p = 0.471; Figure 2 ). However, comparing only the EXP and NT stumps, the number of stumps in which tadpoles were fed was not independent of stumps (Fisher's exact test: p = 0.001). Tadpoles in NT stumps grew more slowly and were significantly shorter in TL (22.12 ± 1.09 mm) than tadpoles in EXP stumps (26.48 ± 1.12 mm) by week 2 (Wilcoxon test: z = 2.130, N = 8, p = 0.017; Figure 2 ).
Discussion
Nest desertion by female C. eiffingeri is rather common (Kam et al., 1997 (Kam et al., , 1998b Chen et al., 2001 ) and also was found in this study. The proportion of nests in the control groups deserted by female frogs in this study was similar to the proportion deserted during earlier studies conducted in the same region ( Kam et al., 1997; Chen et al., 2001) . Based on our field observations (Kam et al., 1997 (Kam et al., , 1998b Chen et al., 2001) , most nest desertion was caused by nest abandonment by females or predation on female frogs by snakes. The growth and development of C. eiffingeri tadpoles are strongly dependent upon maternal care (Kam et al., 1996 (Kam et al., , 2000 . Thus, if for any reason, a female frog did not return to deposit trophic eggs into the pools, the tadpoles would not grow and develop. An earlier study (Kam et al., 2000) and results of Experiment 1 showed that females do not discriminate kin from non-kin. From the standpoint of efficient energy utilization, there is a strong selective pressure for female frogs to feed only their own offspring, and investment in unrelated young usually detracts from the ability of female frogs to raise their own offspring. Thus, the ability for females to orient themselves to the correct bamboo stump precisely is critical to their reproductive success. Results of Experiments 1-3 suggest that female frogs do not use offspring and bamboo stumps per se as cues for nest homing. In Experiment 4, tadpoles in stumps displaced 3 m were not fed, but tadpoles in stumps displaced only 1 m were fed. This finding suggests that location of stump is most critical to the nest homing of C. eiffingeri female.
In this study, experiments were not designed to assess the sensory basis of nest homing, but results suggest that the chemical cues are not important in nest homing of female C. eiffingeri. In Experiments 1 and 2 where tadpoles and entire stumps were replaced, females still fed tadpoles that were not their own as if they were, suggesting olfactory cues of genetic offspring and bamboo stumps are not important in nest homing. Some studies showed that chemical cues from the egg clutches appear to facilitate egg recognition and clutch fidelity while promoting a strong maternal bond between female and her eggs (Forester, 1986; Sinsch, 1992) . Alternatively, for short distance movements, such as nest homing of C. eiffingeri to feed offspring, visual cues might be more effective than olfactory cues for locating nest sites precisely (Sinsch, 1992) .
Results of Experiment 5 provide indirect yet important evidence on the possible mechanism of nest homing of female C. eiffingeri. In the experimental treatment of Experiment 5 where tadpoles in the stumps at the original site (EXP stumps) were fed but none of the added tadpoles in the unoccupied stumps (NT stumps) were fed. We propose that a female C. eiffingeri probably uses the spatial distribution of bamboo stumps as a cue to guide her to her brood (Sinsch, 1992; Gonser & Woolbright, 1995) . In the Experiment 5, the spatial distribution of nest (EXP stumps) relative to other bamboo stumps was not changed, thus female frogs returned precisely to the EXP stumps to feed their tadpoles, and none of the tadpoles in the NT stumps were fed. In the Experiment 4, tadpoles in stumps displaced only 1 m were fed, but tadpoles in stumps displaced 3 m were not fed. A short displacement (i.e. 1 m) might not alter the position or spatial distribution of the nest stump relative to other bamboo stumps sufficiently to prevent a female frog from returning to her brood. In contrast, a longer displacement (i.e. 3 m) probably did change nest stump relative to other bamboo stumps to such an extent that female frogs were no longer able to find their nests. Weygoldt (1980) reported a similar finding in D. pumilio in that eight of the tadpoles that placed in axils were not provided with eggs, even when other tadpoles were fed in the adjacent axils of the bromeliad. Brust (1990) reported a complex nest searching behaviour in D. pumilio, and speculated that mothers remember the location of the plant containing their young but cannot recall their tadpole's exact axil location. He reported that during offspring provisioning, females sometimes explore their young's axils and other plant axils before and/or after feeding their tadpoles, and between provisioning events, females occasionally investigate axils containing offspring but do not deposit eggs again. The searching of axils after feeding young may reinforce a female's ability to remember the location of her young versus the axils of other unrelated tadpoles using topographic or olfactory cues (Brust, 1990) .
In conclusion, our results indicate that the location of stumps is the most critical cues to the nest homing of C. eiffingeri females. Direct observation of nest homing of females is difficult in this species, but results on the Experiments 4 and 5 suggest that C. eiffingeri females have good orientation abilities for nest homing, and we propose that the nest homing behaviour of C. eiffingeri may involve some kinds of route-or map-based orientation instead of direct sensorial contact or trail-following even though the mechanism of homing remains to be studied (Gould, 1986; Papi, 1992) . We believe that this type of homing orientation is probably common among anuran species that need to return to nests periodically to provision their offspring with eggs (Brust, 1990 (Brust, , 1993 Jungfer, 1996; Thompson, 1996; Caldwell & deOliveira, 1999; Jungfer & Weygoldt, 1999; Heying, 2001 ).
